The role of combined two-dimensional and pulsed Doppler echocardiography in the postoperative assessment of patients with total anomalous pulmonary venous connection was evaluated. Twenty-two cases with a median age of 9.5 weeks at the initial examination were evaluated. Serial ultrasound examinations were performed throughout the study period. The ultrasound results were compared with chest radiographs obtained during the same period. Of the 22 patients, 16 had normal pulmonary venous flow profiles characterized by low-velocity laminar flow. Of this group 12 had persistent radiographic postoperative pulmonary edema that cleared in all by 4 months. Six patients with pulmonary venous obstruction were identified, the diagnosis being confirmed at catheterization or autopsy. The venous flow pattern in this group was uniformly high velocity and turbulent. It was possible to localize the site of obstruction in each case. Although pulmonary edema was present in each patient, the chest radiograph did not provide reliable information as to the exact site of obstruction. Combined two-dimensional and Doppler echocardiography is a useful adjunct in the postoperative evaluation of patients with total anomalous pulmonary venous connection.
TWO-DIMENSIONAL echocardiography is routinely used in the preoperative evaluation of patients with total anomalous pulmonary venous connection.' The addition of pulsed Doppler echocardiography has provided further important preoperative information.4 6 Thus far, postoperative evaluation has depended on radiologic assessment and angiocardiography in those with suspected residual venous obstruction. 7 More recently pulsed Doppler echocardiography has been used in the evaluation of normal pulmonary venous flow and in a selected group of patients with either congenital pulmonary vein stenosis or obstruction secondary to a Mustard or Senning procedure.'-"l This study evaluates the role of combined two-dimensional and pulsed Doppler echocardiography in a group of patients after repair of total anomalous pulmonary venous connection.
Materials and methods
The patients were drawn from the inpatient department at The Hospital for Sick Children, Toronto, between January 1983 and February 1986. A total of 22 were included, all of whom met the following criteria. All had undergone a preoperative study, serial postoperative evaluations during the study period, and serial chest radiographic examinations. Another seven patients seen during this period were excluded because they did not meet the above criteria; in particular, they were not serially reviewed at our institution. The serial studies were performed within 24 hr of surgery, at the time of discharge, and then within the first 6 months in all but one patient who was assessed at 8 months after surgery. The patients had an age range of 1 day to 2.5 years (median 9.5 weeks) at the time of their initial examination. The modes of drainage and associated lesions present are listed in table 1.
Echocardiographic evaluation. All patients were evaluated with either an Advanced Technology Laboratory Mechanical Sector Scanner or a Hewlett-Packard phased-array unit. Imaging was performed at a frequency of 7.5, 5, or 3 MHz, depending on the patient's size. The Doppler interrogation was performed with the use of a transmitted frequency of 5 or 3 MHz, with a sample volume size of 2 mm.
The pulmonary veins, which usually enter either side of the left atrium via a single orifice after surgical correction, were best assessed in an apical or subcostal four-chamber view. In the subcostal view the right-sided veins could be seen entering in close proximity to the atrial septum, while the left veins are situated directly opposite them (figure 1). A similar appearance was observed in the standard apical four-chamber view. These DIAGNOSTIC METHODS-CONGENITAL HEART DISEASE views, along with a high precordial short-axis view, provided the optimal assessment of the anastomotic site. In the neonate and infant the individual pulmonary veins could also be visualized from the suprasternal position with the ultrasound beam directed inferoposterially parallel to the frontal plane such that the upper part of the ascending aorta was transected in its short axis and the right pulmonary artery in its long axis. The echocardiographic findings were compared with normal pulmonary venous flow patterns obtained in our laboratory'' and also with previously published data.6 Hemodynamic confirmation of the presence or absence of obstruction was available in 11 patients, while autopsy information was obtained in three. The serial chest x-rays films of all patients were reviewed by the cardiac radiologist (P. B.) without prior knowledge of the presence or absence of pulmonary venous obstruction.
Definition of normal vs obstructed pulmonary venous flow. Normal pulmonary venous flow is characterized by a pattern that is low velocity, laminar, and biphasic or triphasic.6`i Obstructed pulmonary venous flow characteristically produces a turbulent continuous pattern. 6 9 0 
Results
Unobstructed pulmonary venous pathway. The flow pattern in the pulmonary veins and through the pulmonary venous confluence into the left or common atrium was triphasic or biphasic and laminar in 16 patients with no clinical or radiologic evidence of residual obstruction after surgery (figure 1). The mean peak velocity across the anastomosis site was 71 cm/sec (SD 19.6 cm/sec). Of this group, three patients had angiographic and one autopsy confirmation of unobstructed flow.
<K_ ,#S@b __go h" 3- In only three patients in whom the obstruction was situated distally at the anastomotic site did two-dimen-2'4m/s o02mM : sional echocardiography alone provide a clue to the diagnosis (figure 3B). It was not possible to identify isolated vein obstruction by imaging alone in any patient. The mean peak velocity across the distal stenotic anastomotic site in those with obstruction at that level was 198 cm/sec ( figure 2A ). In other patients in whom the anastomosis was anatomically large with the obstruction situated at the orifice of the pulmonary veins, calculation of a peak gradient was not possible due to the inability to image enough of the vein to ensure parallel Doppler interrogation. Progressive pulmonary venous obstruction was identified in five patients, while in the sixth the stenosis was evident within the first 24 hr. In one patient (No. 4) (figures 2A and 2B) obstruction was noted 1 week after surgery and was then observed to progress during the second week, following which further surgery was undertaken. The obstruction in the remainder was variable, with detection at 1 month (patients 3 and 5), 5 months (patient 2), and 8 months (patient 1;
figures 3A, 3B, 4, and 5). a post second surgery Elevation of mean pulmonary arterial pressure was observed in each patient with postoperative obstruction, although significant elevation was only noted in patient 5. Since the studies were not simultaneous it was not possible to relate the wedge pressures to the Doppler gradients in those with obstruction at the anastomotic site. However, patients with higher wedge pressures had more severe obstruction noted angiographically. Chest radiographs did not allow differentiation of those with higher wedge pressures from those with lower values (compare patients 4 and 5) . Similarly, unilateral changes in the chest radiographs were noted with bilateral elevated wedge pressures (patient 2). day after corrective surgery. Of these, the condition had cleared in one by one week, in two by 2 weeks, in three by 3 weeks, and in the remainder within the first 4 months. The edema was symmetric in seven and asymmetric in three (right > left). All those with asymmetric edema eventually had a normal chest x-ray film.
Patients with postoperative obstruction. Tables 2 and 3 detail the comparison of results with noninvasive techniques described above. Radiologic changes consisted of bilateral pulmonary edema in four patients, although obstruction of all segments was not present. Stenosis at the anastomosis in patient 1 did not produce bilateral edema, while reduced flow to the affected lung was observed in a patient with an isolated leftsided obstruction (patient 2, table 2). One patient with a complex intracardiac anatomy (table 1) had no postoperative pulmonary edema, while both of the others had edema that persisted for several months, despite a normal Doppler venous profile. Confirmation of the absence of obstruction at autopsy was available in one patient.
Discussion
Two-dimensional echocardiography alone provides CIRCULATION .: .1 302 qo~-"#.
DIAGNOSTIC METHODS-CONGENITAL HEART DISEASE FIGURE 5 . Top, This posterior view of the heartlung block, with much of the lung parenchyma cut away to expose the pulmonary veins, reveals an ectatic right confluent vein. (Because it is no longer distended with blood, it is collapsed and wrinkled looking less capacious than was the case in life.) In contrast, the left confluent pulmonary vein is thickwalled and stenotic, passing only a 3 mm probe compared with 6 mm on the right. Bottom, In this view of the left atrium, separate orifices of the draining left confluent (on the viewer's left) and right confluent pulmonary veins are shown. Both veins show intimal thickening, but the left is narrowed at its left atrial orifice to 1 .5 mm internal diameter compared with a 6 mm diameter on the right (indicated by the black arrows). la = left atrium; lpv = left pulmonary vein;
rpv -right pulmonary vein.
important anatomic information in the preoperative evaluation of total anomalous pulmonary venous connection.'-' Doppler echocardiography has been used preoperatively,j-6 but has not been applied in a postoperative population. Direct evaluation of the anastomotic site alone may be difficult postoperatively because the connection is frequently elliptical in shape. Therefore, a dimension in one plane cannot be used to assess the absolute size. Similarly, the direct identification of venous stenosis is very difficult. More recently pulsed Doppler echocardiography has been used to evaluate normal pulmonary venous flow, which is of low velocity, laminar, and mirrors left atrial pressure events, with peaks occurring during the X and Y descent.8' 11-3 Although this type of flow was observed in 16 of our patients, absolute documentation of absent obstruction was only available in three because repeat angiocardiography is not routinely performed on asymptomatic cases. We can therefore only speculate that there was absent obstruction based on the Doppler studies. This method has now been extended to patients with abnormalities of venous flow, notably those with congenital pulmonary vein stenosis9 or who have undergone a Mustard or Senning procedure for complete transposition of the great arteries.'0 The pattern in these patients appears constant, and is one of turbulent high-velocity flow.
While improved preoperative and surgical techniques have reduced surgical mortality,7' 14, 15 stenosis at the anastomotic site still remains a major postoperative complication. While this usually occurs as a late complication, it may account for morbidity in the early postoperative period.'4 Pulsed Doppler echocardiography provides the optimal noninvasive tool for its detection, since the anastomotic site may be sampled repeatedly with relative ease. Radiologic evidence of pulmonary edema may be misleading, since it can be observed in the unobstructed patient in the early postoperative period. Although correlation between hemodynamic and Doppler-derived gradients was not possible in this study, recent data from an animal preparation indicates that a close relationship between the two exists. '5 Associated pulmonary vein stenosis is rarely recog-SMALLHORN et al. nized preoperatively, but may be seen postoperatively in isolation,"6, 17 or in association with stenosis at the anastomotic site. Pulmonary vein stenosis may be related to trauma at the time of surgery, but in patients with a wide anastomosis situated well away from venous orifices it is more difficult to explain. As observed in this series, progressive obstruction of the pulmonary veins may occur. If the majority of the veins are involved, this usually proves fatal. Since the veins from either lung usually enter each side of the left atrium via a single orifice after surgery, this is an optimal situation for Doppler interrogation (figure 6).
One must recognize that one limitation is that turbulence within the orifice may arise from any lobe on that side. The other limitation is that complete obstruction of one segment cannot be detected. In this case the lung perfusion scan may be valuable because it outlines the segments of the lung involved. While this may be of value in the child with unobstructed pulmonary blood flow, caution must be observed in the patient with obstructed flow invariably seen in the setting of situs ambiguous. In this situation Doppler interrogation of the anastomotic site provides important infor-mation regarding the presence of venous obstruction. It is our experience thus far that even when pulmonary blood flow is significantly reduced, obstruction can be detected.6 Another problem encountered with the lung perfusion scan is the detection of obstruction at two levels: that at the individual veins and at the anastomotic site. In this situation a combination of two-dimensional and pulsed Doppler echocardiography with a lung perfusion scan can play an important role in the detection of obstruction at more than one level. How then should this noninvasive technique be included in the postoperative management of total anomalous pulmonary venous connection? Unobstructed Dopplerdetermined flow in the immediate postoperative period is reassuring in those cases with early pulmonary edema. A second study is of value before discharge, with another one at some point during the first 6 months, since most cases of obstruction develop early rather than late.
If high-velocity turbulent flow at the anastomotic site is detected then further surgery is indicated. At present, we perform an angiographic evaluation before surgery to provide more information regarding possi-DIAGNOSTIC METHODS-CONGENITAL HEART DISEASE ble involvement of the individual veins. Thus far the indications for surgery in the presence of milder obstruction are less clear and will only be elucidated with further experience.
Combined two-dimensional and pulsed Doppler echocardiography is a valuable, simple technique for the postoperative evaluation of the patient undergoing surgery for total anomalous pulmonary venous connection. While chest radiographs provide some clues to the presence of obstruction, limitation with regard to site and severity must be appreciated.
